The compatibility of ALD and CVD metal deposition with mesoporous and microporous carbon-doped organosilicate glass (OSG) films was examined. Blanket film studies using TEM, TOF-SIMS, and positron lifetime spectroscopy demonstrate that ALD W and TaN penetrate deep into the mesoporous film via the film's connected pore structure. In contrast, metal penetration into microporous OSG films was not observed. He and NH 3 plasma pretreatments to the mesoporous OSG film surface did not seal the mesopores to ALD/CVD metal penetration, but the plasmas did damage the bulk of the mesoporous OSG film with varying severity. The results indicate that porosity, pore size, and/or pore structure regulate ALD/CVD precursor diffusion and that ALD metal deposition is a good probe of pore sealing strategies.
INTRODUCTION
Low dielectric constant (low-κ) films and barrier metal deposition by atomic layer deposition (ALD) and chemical vapor deposition (CVD) are rapidly developing technologies for sub-90nm integrated circuit (IC) generations 1 . However, if the low-κ film is mesoporous (2-50nm diameter pores), difficulties in integrating these technologies will be encountered because the highly conformal CVD and ALD monolayer deposition processes can coat the pore walls or leave metal precursors inside the mesopores. This is especially true if the mesopores are interconnected throughout the film.
Barrier materials around copper lines are necessary for good interconnect reliability. The barrier metals commonly used have a resistivity higher than that of copper. As copper lines scale smaller with each IC technology generation, the thickness of barrier layers must scale thinner. Otherwise, the total line resistance increases to unacceptable levels. The semiconductor industry is reaching the limits of physical vapor deposition (PVD) for barrier metals because it is difficult for PVD to deposit sufficiently conformal metal liners in high aspect ratio features. Thus CVD and ALD are attractive alternatives because they enable the deposition of very thin conformal metal layers. Films as thin as one monolayer can be deposited by ALD 2 . However, it is this feature of ALD that makes it problematic on mesoporous films. If the pores are large enough to allow easy diffusion of the CVD or ALD precursors, then metal can deposit inside the pores throughout the mesoporous film, or the precursors can get trapped inside the pores. Some reactive precursors may also damage the dielectric film. Thus, barrier metal deposition onto porous films must be better understood.
EXPERIMENTAL
The mesoporous OSG film, OSG-1, is a proprietary spin-on mesoporous methylsilsesquioxane (MSQ)-like film with κ = 2.3. Its porosity is about 50%. The average pore diameter is ~2.5 nm and the pores are essentially fully interconnected to the surface of the film, as determined by positronium annihilation lifetime spectroscopy (PALS). OSG-2 and OSG-3 are proprietary PECVD OSG films with κ ~ 3.0 and ~ 2.7, respectively. OSG-2 is microporous (<2nm pore diameter) with non-connected pores. Although OSG-3 has not been rigorously characterized, it is similar to OSG-2 but with lower density.
ALD metal films (25-50A) were deposited by various sources onto OSG films that were ~3000A thick. The film precursors were WF6 and another proprietary inorganic precursor for W, TDMAT and NH 3 for CVD TiN, and a proprietary organometallic precursor for TaN.
Ammonia and helium plasma pretreatments to seal the OSG films from metal penetration or reactive gases were conducted in a commercial PECVD tool at 350 o C (setpoint). TOF-SIMS depth profiles for negative secondary ions were collected with a 25 keV Ga + analytical ion beam alternated with a 1 and 3 keV Cs + sputter beam. Frontside TOF-SIMS profiles were collected by sputtering through the metal on the OSG film and into the OSG film itself. Backside TOF-SIMS profiles were collected by sputtering from the bottom of the OSG film through the metal film on top. Backside profiles were preferred because they minimized sputtering artifacts at the metal/OSG interface, but sample preparation problems sometimes prevented backside profile collection. Crosssectional TEM samples were prepared using standard methods, and the PALS experimental details are described elsewhere. Figure 1 shows an XTEM image of ALD W (50A) deposited on an untreated, blanket film of mesoporous OSG-1. The intensity gradient (darker indicates a metal) shows that W penetrated deep inside the OSG-1 film. A backside LESIMS depth profile of the same sample (not shown) demonstrates that W penetrated the entire OSG-1 film thickness down to the substrate. CVD TiN (40A) showed similar behavior, but TiN did not extend through the entire thickness of OSG-1. Frontside TOF-SIMS depth profiles of ALD W (50A) on the microporous OSG-2 film (Figure 2) show no W penetration into the OSG-2 beyond that expected from smearing of the W/OSG interface by sputtering. Backside profiles on this sample could not be obtained due to sample preparation problems, so some W penetration at the interface cannot be ruled out. However, W penetration is clearly less severe than in the mesoporous OSG-1. Frontside TOF-SIMS on the microporous OSG-3 with ALD W were nearly identical to the OSG-2 data despite its lower density. Collectively, these data indicate that porosity, pore size, and/or pore structure (connected versus isolated pores) control the diffusion of ALD/CVD deposition precursors into the bulk of the OSG films. However, the influence of these properties could not be independently determined from this study. Previous studies have shown that the reactive species in plasmas can densify and chemically modify the surfaces of OSG films. [4] [5] [6] [7] [8] In blanket films, these modified interface layers are caused by both ion bombardment and chemical modification.
RESULTS AND DISCUSSION
The formation of a dense interface layer suggests that plasma pretreatments (PPT) may seal the porous dielectric film and prevent metal penetration by ALD or CVD metal deposition. Such pore sealing behavior has been reported for a microporous OSG film. 9 Chemical modification can also make ALD deposition more efficient.
The effects of PPT on blanket films are not representative of those on patterned wafers because there is less ion bombardment to the sidewall in patterned wafers due to bias-induced directionality. Thus, if the PPT cannot seal a blanket film to metal penetration, the sidewall in patterned wafers is not expected to be sealed. A TEM of a single damascene trench in OSG-1 with ALD W deposition ( Figure 3) shows that our baseline etch and ash processes did not seal the sidewall and that W penetrated deep into the OSG-1 film. Unfortunately, PPTs can severely damage the bulk of mesoporous OSG films. [4] [5] [6] [7] [8] [9] An O 2 plasma exposure is known to damage as-deposited OSG films, 4, 6 but the effect of PPTs on mesoporous and microporous O 2 ash-treated OSG films is markedly different. An NH 3 PPT forms a dense, nitridated layer (pretreatment layer) on the microporous OSG films that is limited to the surface because its growth is very slow. This pretreatment layer protects the microporous OSG films from subsequent O 2 plasma exposure. In contrast, the pretreatment layer is not limited to the film interface on mesoporous OSG films because its growth is rapid. For example, a 30s NH 3 PPT forms an ~80 nm pretreatment layer on OSG-1; yet this thick layer does not prevent further damage to OSG-1 by subsequent O 2 plasma exposure. 
ALD W
Despite the damage it causes to OSG-1, an NH 3 PPT was chosen for our feasibility study to seal the mesoporous OSG-1 to ALD metal penetration because it is a well characterized process. A He PPT was also used because it is less damaging to the OSG-1 film. Neither the He nor NH 3 plasma pretreatments (ranging from 5-30s) sealed OSG-1 to ALD W penetration. TEM images suggest that the PPTs lessened the severity of W penetration but did not prevent it. Figure 4 shows a backside TOF-SIMS of a sample with ALD W deposited on OSG-1 with a 30s NH 3 PPT. The data clearly show that W still penetrated OSG-1 all the way to the bottom substrate. The He PPT produced similar results, and the W penetration Figure 4 . Backside TOF-SIMS depth profile of the OSG-1 film with a 30s NH3 pretreatment prior to ALD W deposition shows that the PPT does not stop W penetration. PALS analysis provides some insight into the results presented above. PALS capabilities for measuring pore size, pore connectivity, and the continuity of barrier films have been reported previously.
3,10-11 Briefly, implanted positrons form positronium (Ps) preferentially in the pores of porous films. Ps in vacuum annihilates into gamma rays in 142ns, and the lifetime of Ps inside porous films is proportional to the average pore size. If the pores are connected to the surface of the film, Ps can diffuse out of the film, making PALS a good probe of pore connectivity and the continuity of barriers on porous films.
Positrons implanted into a film similar to OSG-1 with and without PPTs showed no Ps escape from the film, indicating that the pretreatment layer seals the OSG film to Ps diffusion 5 . However, for samples with ALD W deposited onto OSG-1 with or without PPTs, the Ps lifetime was very short. This result is consistent with W metal in the pores quenching Ps. Based upon previous results 5 we expect that the pretreatment layer will block Ps diffusion out of OSG-1 but it clearly does not block W diffusion into the film. This is presumably because the Ps lifetime is so short compared to the ALD precursor exposure time. The ALD W precursors have a much longer time to find diffusion paths into the OSG-1 film. These results suggest that the PPT may 1) collapse most of the pores in the pretreatement layer but leave some open and/or 2) clog the pores enough to stop Ps diffusion but not WF 6 /SiH 4 diffusion. Film shrinkage during the PPTs suggests that option 2 alone is insufficient to account for the results; a combination of 1) and 2) is more likely. It is also possible that corrosive byproducts of the ALD reaction helps prevent pore sealing. The effect of corrosive byproducts requires more study but since the PPTs do not seal the OSG-1 film to oxygen radicals from an ash, we did not expect it to seal OSG-1 to small inorganic ALD precursors despite any influence of byproducts. The results indicate that preventing Ps escape is a necessary but not sufficient requirement for pore sealing and that metal ALD can demand even more stringent requirements on interfacial pore sealing and the continuity of liners on porous films. Figure 5 shows frontside TOF-SIMS profiles of samples with varying thickness of TaN deposited on OSG-1. Even one ALD cycle deposits TaN throughout the OSG-1 film. With more ALD cycles, a TaN concentration gradient develops with more TaN at the top surface of the film. The TaN concentration at the OSG-1/substrate interface, however, does not change. Sputtering effects during TOF-SIMS cannot completely account for this profile, and TEM and PALS confirm that there is a gradient in the film. Since the TaN concentration changes little toward the bottom substrate, the data suggest that TaN fills or clogs pores so that precursor diffusion becomes limited after the first few ALD cycles.
Positrons were also implanted to various depths into OSG-1 samples with varying thickness of ALD TaN (Figure 6 ). Based on previous results from studies with Al, Cu, and W diffusion into 
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characteristic of the pristine mesopores in the control sample were observed. The intensity of Ps, however, decreased with increasing ALD deposition cycles. The decrease in intensity indicated that there was less mesopore volume in which Ps could form, consistent with the explanation that some, but not all, pores were filled or lined with metals. In samples not capped with oxide, Ps escapes from all but the 50 cycle sample (140ns component). The second, shorter lifetime component (26-35 ns) that appears in the uncapped samples with more than 10 cycles indicates that Ps out-diffusion is frustrated, consistent with partial (but not complete) pore clogging preferentially near the film surface.
The Ps lifetime ( Figure 6 ), which is nearly characteristic of the pristine mesopores regardless of the number of ALD cycles, suggests at least three possibilities: 1) some pores have no TaN in them, or 2) they are lined with a non-conducting Ta x N y stoichiometry or oxidized Ta x N y O z (the samples were exposed to air), or 3) some combination of the two. Note that a conductive metal lining would shorten the Ps lifetime dramatically. If there are small necks in the connected pore structure that are quickly clogged, then this could isolate some portions of the mesoporous network from ALD precursor diffusion and leave these portions pristine. If the ALD TaN is deposited (in an oxidized or non-conducting form) on the walls of all the mesopores then the lining must be less than about 2.5A (about 5 cycles), otherwise we would observe a shorter Ps lifetime (assuming the lining does not change the probability of Ps annihilation upon collision). However, the lifetime does not change even after 50 cycles. This observation along with the lower Ps intensity in the 50 cycle sample suggests that portions of the mesoporous network are filled/clogged while other portions are pristine or have at most a thin coating on the walls. This would not affect the Ps lifetime if the filled/clogged sections are separated by at least one pore diameter (Ps mean free path). Pore clogging may occur at small necks in the mesoporous network or perhaps due to uneven nucleation (even in the absence of necks) in the mesoporous network, but the PALS data cannot conclusively distinguish these possibilities.
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CONCLUSION
The results of this study illustrate the difficult challenge of integrating ALD barriers with mesoporous OSG films. Increasing porosity, pore size, and/or pore connectivity facilitate the diffusion of reactive species that can damage the low-κ film or deposit metal inside the film. Plasma pretreatments to the surface of one mesoporous film did not seal it from ALD metal penetration, and the pretreatment itself damaged the film. In contrast, significant pretreatment damage or ALD metal penetration into microporous films were not observed. Larger pore size, porosity, and/or interconnected pores presumably prevent pore sealing in mesoporous OSG films unless the pretreatment can deposit additional material into the pore. Optimized pretreatment conditions and larger ALD precursor molecules may eventually seal mesoporous OSG films to ALD metal deposition. CVD TiN is less conformal than ALD, and TiN does not penetrate the mesoporous film as much as ALD W. Thus, a plasma pretreatment may seal a mesoporous OSG film to CVD metals, but this combination was not examined. This study also demonstrates the value of ALD as a monitor of pore sealing methods.
Pore sealing with plasma pretreatments may be difficult to do without bowing etch profiles, keeping the sealing layer confined to the interface, or creating other integration problems. This is especially true if porosity, pore size, pore connections increase for lower κ films. Non-porous liner films could be a solution. However liners may be difficult to integrate, may raise manufacturing costs, and may increase the line-to-line capacitance, thus minimizing the benefit of using a low-κ film. Non-conventional integration and film processing approaches may be necessary to successfully integrate ALD barriers with mesoporous OSG low-κ films.
